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Many processes that control materials synthesis hinge on a nucleation event that initiates a first order phase
transition. Symmetries that constrain nucleation of elementary nanostructures are therefore of general interest.
Using low-energy electron microscopy, we observe the flux at which adatom and advacancy islands nucleate
when clean Pt�111�, in the temperature range 750–1300 K, is bombarded by a beam of Pt− ions of various
energies. The results reveal a previously unobserved symmetry between the chemical potentials �* required to
nucleate the two types of island. Linear response theory is employed to relate �* to ion beam flux; the
observations confirm that its use is valid above 1000 K. The observed magnitudes of �* agree within a factor
3 with predictions made earlier by Pimpinelli and Villain. In addition, the observations show that adatoms and
advacancies on Pt�111� form a strongly reacting assembly, with the life cycle of thermal point defects deter-
mined mainly by formation and annihilation as pairs, rather than by processes at fixed sinks such as surface
step edges.
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I. INTRODUCTION

Nucleation is the process that initiates a first order trans-
formation from one phase to a second phase.1,2 For a system
with N space dimensions, the energy of the N−1 dimensional
interface creates the bottleneck that controls nucleation when
a phase of lower chemical potential �* is first created at one
location in an expanse of a phase with higher �*.3,4 For the
example of a liquid droplet nucleating from its vapor,1–3 it is
the surface energy of the drop that inhibits nucleation. Nucle-
ation at a perceptible rate then requires an excess between
vapor and liquid �for a clear introduction, see McDonald5�.
The behavior is ubiquitous. Nucleation is of critical impor-
tance in chemical transformations, including precipitation of
salts from solution;1,2,6 in metallurgy where, for example,
molten powders of small, pure particles commonly
supercool7 to about 80% of the melting temperature Tm; in
technology, as in the growth of chromophores from
solution;8,9 in surface science, where growth or erosion of
crystal layers by atomic beams requires nucleation for each
fresh layer;10–12 in the physics of radiation damage, where
irradiation-induced interstitial atoms and vacancies precipi-
tate as dislocation loops13,14 and in low temperature physics
where, for example, nucleation of B phase 3He from the A
phase requires the intervention of cosmic rays.15

The example concerning nucleation in surface processes,
given above, reveals a symmetry that other cases lack.
Nucleation is required when atoms, added to a complete sur-
face layer, cluster together as an “adatom” island that ini-
tiates new layer growth, as shown in Fig. 1 �left�. It is needed
equally in sputtering when missing atoms condense, as also
shown �right� in Fig. 1, to form an “advacancy” island, that
nucleates the erosion of the surface layer of a crystal. In this
paper we explore the symmetry in the surface conditions
needed to nucleate adatom and advacancy islands. Specifi-
cally, if growth nucleates at a surface chemical potential �*,
then erosion must nucleate at the potential−�*. This symme-
try is expected only when the life cycles of the adatoms and
advacancies on the surface are dominated by reactions of

mutual annihilation and creation.16 Its validity depends, in
addition, on a macroscopic view of island energy. The sym-
metry embraces energetic, kinetic, and thermodynamic com-
ponents. These several factors are explained below in Sec.
III.

The present research employs low energy electron micros-
copy �LEEM�17 to observe the evolution of surface nanoto-
pography with time, including island nucleation. Surface step
edges are imaged, and their time evolution can be recorded at
video rates with lateral resolution �10 nm. By way of illus-
tration, Fig. 2�a� is a LEEM image showing a flat “mesa” on
Pt�111�, a single terrace �8 �m wide, created by ion beam
irradiation18 �see Sec. V�. “Pans” created by similar means,
but with steps of opposite sign, provide the advacancy
equivalent of the adatom mesa. The profiles are shown ide-
alized in Fig. 2�f�. Single-terrace areas of these types, iso-
lated from their surroundings by a perimeter of multiple
closely spaced steps, provide excellent experimental testing
sites for studies of island nucleation. Figures 2�b� and 2�c�,
respectively, show the mesa of Fig. 2�a� immediately after
nucleation of an adatom island by a beam of 3.7 �A cm−2 of
65 eV Pt− ions, and after its further growth. Figure 2�d�
images an advacancy island nucleated on a pan by a 515 eV
beam, and Fig. 2�e� shows many scattered advacancy islands
nucleated by a process described in Sec. V. The sign of any
particular island is generally known from the evolution of
local topography and its response to beams of various ener-
gies.

When the flux density is raised in small increments until
an island nucleates, the value of �* required for nucleation
can be determined. From the resulting values of �* we are

s

FIG. 1. Sketches showing adatom �left� and advacancy �right�
islands on crystal terraces. Circles represent atoms, and the broken
line marked s is the terrace surface.
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finally able to address the question of symmetry between
adatom and advacancy island nucleation.

The results of the present paper depend in several respects
on recent advances described in other publications. As men-
tioned above, the experiments employ islands created on
pans and mesas that are produced by methods detailed
elsewhere.18 Also, quantitative knowledge of the chemical
potential �*, as created on pans and mesas by ion beams that
drive island nucleation, depends both on detailed calibrations
of beam damage as a function of energy, and the knowledge
that the processes fall in the regime of linear response, all
reported in a separate publication.19 Equally necessary to the
present results are earlier measurements of the surface mass
diffusion coefficient, over an extended temperature range
that includes temperatures of present interest.20 The single
chemical potential �*, relevant to the driven surface pertur-
bation on the Pt�111� surface at the experimental tempera-
tures, has itself been recognized only recently.16 Section IV
describes how this perturbation of the driven surface depends
on the surface mass diffusion coefficient. The quantity �*

has since been employed in a treatment of the exact linear

response of a surface driven by a beam of energetic
self-ions.21 This treatment provides the basis for the discus-
sion, in Sec. IV, that provides values for the �* at which
island nucleation is observed to take place. In this way, a
quantitative comparison between the present experimental
investigations and the predictions of nucleation theory22 is
also made possible.

II. SURFACE KINETIC PROCESSES

Diffusion of atoms over metal surfaces proceeds by mo-
tion of adatoms and advacancies, with the former believed
dominant for many close packed metal surfaces.10,11,21,23 The
two species are antidefects that form either independently, at
step edges, or spontaneously as pairs, from fluctuations of a
perfect surface, as in Fig. 3. The defects annihilate either
singly or as pairs by the reverse processes. Being thus ther-
mally activated, they occupy a fraction of surface sites �i.e.,
concentrations� given at equilibrium14,21 by

c̄1 = exp�− g1/kBT�; c̄2 = exp�− g2/kBT�; �1�

here g1 and g2 are free energies of formation for adatoms and
advacancies. For close packed metal surfaces, the gi are
small enough, and hence the c̄i sufficiently large, that pair
creation and annihilation may dominate the kinetics at tem-
peratures above half the melting temperature Tm.21 Then the
defect life cycle typically begins with pair creation and ends
as pairs annihilate by recombination on an otherwise perfect
terrace. Independent processes at steps �see Fig. 3� then
largely contribute the difference of the concentrations as the
system recovers towards equilibrium after some perturbation
such as temperature change.

Using external forces, in our case an ion beam directed
onto the terraces, it is possible to drive such an assembly,
from equilibrium, to a new steady state in which the changed
defect concentrations are c1 and c2. It has been shown that a
single chemical potential

�* =
kBT

2
� ln c̄1c̄2 ln�c1/c2�

ln c1c2
− ln�c̄1/c̄2�� , �2�

then describes the behavior of both antidefects.21 The rela-
tionship between the antidefects may be understood from the
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FIG. 2. LEEM images of mesas, pans, and islands on Pt�111�. In
�a� a mesa comprising a perfect terrace isolated by surrounding
downward steps is imaged �see top sketch in �f� for profile�. �b�
Same mesa with nucleated adatom island, and �c� after further
growth of the island at 1075 K. Nucleation occurred with a flux
density 3.7 �A /cm2 of 65 eV ions. The field of view is 5.6 �m. �d�
A pan is shown after nucleation of an advacancy island at 1070 K
by 1.1 �A /cm2 of 515 eV ions �see �f� for pan profile�. �e� Multiple
vacancy islands nucleated at 845 K by 0.6 �A /cm2 of 515 eV ions;
imaged with LEEM electron impact energy E=17 eV. �f� Sketches
showing mesa, pan, and island profiles.
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FIG. 3. Point defect processes on terraces. �a� Adatom-
advacancy pairs form spontaneously on a perfect terrace, and anni-
hilate by the reverse process. Diffusive hopping can cause ad-
defects to annihilate or form independently at step edges, with
consequent step flow, as illustrated in �b� for the case of advacancy
motion. The broken line marked s is the terrace surface.
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fact that adding an adatom to the assembly has the same
effect as removing an advacancy, since both augment the
reacting assembly by one atom. Then �* is the change of
free energy resulting from either of these latter processes.
The symmetry on which this paper focuses lies in the values
of �* required when an ion beam drives the nucleation of
adatom and advacancy islands. This criterion is lacking in
earlier work that employs separate chemical potentials �i
=kBT ln�ci / c̄i� for the separate defect species, with i=1 for
adatoms, and i=2 for advacancies.14

In the experiments described below, the external force
employed to drive a surface from equilibrium towards nucle-
ation is a beam of self-ions directed along the surface nor-
mal. Two competing effects of the ion beam are superposed
in the resulting surface perturbation.24,25 First, the beam adds
atoms to the surface. Second, the energetic collisions create
defect pairs and sputter atoms off the surface, both to an
extent that increases with impact energy �. For energies be-
low a “neutral energy” �0 the collisions are sufficiently weak
and few atoms are sputtered, so the net effect is to create
extra adatoms on the surface equal to the beam flux. Above
�0, the sputtering exceeds the beam additions and the net
result is erosion. In effect, the low-energy beam adds net
adatoms that eventually precipitate to grow a new surface
layer, while the high energy beam adds net advacancies
whose precipitation as islands erodes the existing outer
atomic layer. In this way, either growth or erosion can be
nucleated by choice19 of �. For low ion fluxes, the excess
defects created by the perturbation of the beam, after reac-
tion, simply flow to step edges, where their accretion results
in growth or erosion by the advance or retreat of the steps. At
high fluxes, the nonlinear process of nucleation takes place
in addition.

For the case of Pt− ion irradiation of the Pt�111� surface at
temperatures above 1000 K, the ion beam intensities re-
quired to drive nucleation create only modest perturbations
of the surface defect equilibrium. In particular, we show be-
low that the adatom and advacancy populations undergo only
small fractional changes. These lie within the range for
which the surface, for any particular ion energy, responds
linearly to the ion beam intensity. For this regime, the
changes of chemical potential caused by an ion beam have
recently been predicted explicitly16 in terms of the surface
topography defined by the existing step edges. For large
fluxes, still within the regime of otherwise linear response,
the nonlinear process of nucleation takes place. These pro-
cesses are summarized next. The theory allows the value of
�* required for nucleation to be determined from the ion
beam intensity at which new islands spontaneously appear
�see Sec. V�.

III. SYMMETRY IN NUCLEATION BY AN ION BEAM

There is a rich literature to the theoretical description of
homogeneous nucleation.1–7 Here we focus on the symmetry
of present concern. The early idea that nuclei fluctuate
through a critical size to become stable, and thereafter grow
without bounds, has survived in current understanding. For
the present two-dimensional �2D� case in which islands of

radius a nucleate on a crystal surface, nucleation is con-
trolled by the free energy 2��a of the step edge that sur-
rounds the island. Here, � is the �1D� free energy per unit
length of step.10,11,23 In a careful discussion of adatom is-
lands nucleating during sublimation26 �modeled as an ion
beam of “negative intensity”�, Pimpinelli and Villain22 find
nucleation at perceptible rates when �* reaches a value �PV

*

given by

�PV
* /kBT = 0.2��/kBT�2. �3�

The experiments described below provide a test of this pre-
diction.

The symmetry of nucleation on which we focus has been
proposed16 in recent research concerning driven surfaces. It
has thermodynamic, energetic and kinetic components that
are now summarized for the reader’s convenience.

The thermodynamic behavior of interest concerns the lin-
ear response of surfaces to the driving force of defect cre-
ation. If, on a pan or mesa of radius R, adatoms and adva-
cancies are created at rates �per atomic surface site� of K1
and K2, then the chemical potential at radius r on the terrace,
in the limit of strongly reacting antidefects, takes the form16

�*�r� =
kBT�K2 − K1�

4�D1c̄1 + D2c̄2�
�R2 − r2� . �4�

As �* is largest at r=0, nucleation generally occurs near the
terrace center where �*��*�0�. The important points are
that �i� the creation rates K1 and K2, drive �*�0� linearly; and
�ii� the value depends only on the difference �K=K1−K2 of
adatom and advacancy rates �rather than on, for example,
their separate concentrations�. The reason for this depen-
dence may be stated concisely: In the limit of strong reac-
tions, all defects recombine except for the excess, �K, which
thus comprises the net perturbation driving �* in Eq. �4�.
The linear responses to the adatoms and advacancies created
by the uniform beam are spatially identical, and simply su-
perpose in the result of Eq. �4�.

Consider next the energetics of the nucleation process. In
the two parts of Fig. 1, the added free energy of the islands
over that of perfect lattice with the same number of occupied
sites is, as stated above, 2��a for both adatom and adva-
cancy islands. This is the case because the energy of a curved
step does not depend on the sign of its curvature. With A the
area per atom, n=�a2 /A adatoms must have precipitated for
an island this size, so that for an excess defect potential �*,
the total free energy excess is22 F�a�=2��a−�a2�* /A. For
the complementary case in which precipitation of �a2 /A ad-
vacancies is driven by the reversed potential −�*, the iden-
tical expression is obtained for the free energy increase F�a�.
�Note that an adatom transferred from �* to 0 requires the
same free energy change as an advacancy transferred from
−�* to 0, since the values of dF /dn are opposite for the two
antidefects�. Thus within the limits of the macroscopic mod-
eling of the step edge, the energetics of adatom nucleation
for �* as a function of content n are identical to the nucle-
ation energetics of advacancies for −�*. Their common
variation of F with a is shown in Fig. 4. The kinetic bottle-
neck to nucleation occurs where F passes through a maxi-
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mum Fc at the critical radius ac. In summary, the present
discussion affirms that ac and Fc are identical for adatom and
advacancy nucleation, within this model.

We turn finally to the role of atomic transport in the sym-
metry between adatom and advacancy island nucleation. A
key feature is that adatom islands grow by addition of ada-
toms or, equally, by emission of advacancies; the reversed
transport fluxes describe the growth of advacancy islands.
From the Nernst-Einstein equation, transport is known to be
driven linearly by a gradient of �*:

J = − �Ds/kBT� � �*�r� , �5�

in which Ds=D1c̄1+D2c̄2 is the surface mass diffusion
coefficient21 for the reacting assembly. Indeed, the same ba-
sis in Eq. �5� explains the form of Eq. �4�. The important
point here is that the flow over the nucleation barrier Fc in
Fig. 4 must follow this general form and, as a result, is iden-
tical for adatom and advacancy islands, given the equal driv-
ing forces ±�* and the identical nucleation barriers control-
ling nucleation. With the rate factors and energetic factors
thus quantitatively equivalent, it may be concluded that ada-
tom and advacancy islands must nucleate identically for op-
posite values of �*. A verification of this prediction can both
confirm the theoretical basis of the discussion16 and demon-
strate that the defect assembly is indeed reaction limited.

IV. EXPERIMENT

Our experiments employed a LEEM built by Tromp,27

equipped with a SNICS II source of negative ions.28 The ion
source as purchased from National Electrostatics Corpora-
tion provides ion beams with energies up to 20 keV. Low
electron impact energies are valuable in LEEM as they im-
prove the amplitude of the backscattering signal employed
for imaging. Also, atomic steps are then a fraction of one
wavelength high, and are made visible in an image by dif-
fraction contrast. The newly operational LEEM-SNICS II

tandem is described elsewhere.29 It provides beams of se-
lected ions, with energy tunable in the range 0–5 keV, on a
sample held near −15 keV �as is common in existing LEEM
designs�. The maximum ion beam intensity up to
20 �A cm−2, achieved for Pt−, is about 0.1 monolayers per
second. The base pressure of the LEEM chamber, in the
10−9 Pa range, increased only to �10−8 Pa at 1000 K with
the ion beam operating.

One main focus of this work necessarily related to clean-
liness of the Pt�111� crystal surface. An absence of contami-
nation assumes critical importance here because heteroge-
neous nucleation at impurity centers could possibly short-
circuit the homogeneous nucleation process of interest. The
single crystal sample used in this research was 9 mm in di-
ameter and 0.9 mm thick, as purchased from the Surface
Preparation Laboratory, The Netherlands. It was cut within
0.2° of the �111� plane. In practice, we observed that nucle-
ation on the cleaned �111� terraces of this crystal took place
at successive locations randomly dispersed over the central
area of a pan or mesa, barely near steps or flaws where
impurities might trap. This pattern of behavior is expected of
homogeneous nucleation, since �*→0 at step edges, which
act as sinks for point defects. Furthermore, owing to the high
ambient temperatures employed in the experiments, com-
bined with the low step energies at these temperatures,30 the
critical nuclei on Pt�111� are quite large �10–102 atoms�, and
this also acts to suppress the influence of impurities.

The required surface perfection was achieved30 by cycles
of 1 keV Ar+ ion bombardment, followed by annealing at
1300 K, with occasional treatment in 10−6 Pa O2, first in an
external chamber and later in the LEEM vacuum. These
methods are detailed elsewhere.30 The eventual surface ex-
hibited sharp �1�1� LEED spots with no trace of impurities
detected by LEED or Auger probe with 1% sensitivity. Sur-
face temperatures were measured to ±15 K at 750–1300 K
by an infrared optical pyrometer with reflectivity set to 0.3,
and also by a disappearing filament pyrometer above
1000 K.

Approximately 60 different island nucleation events were
investigated in this research using ions of energy �=65 eV
for adatom events, and �=515 eV for advacancy events. Ion
beam currents up to 14 �A cm−2 were employed.

The LEEM creates images using a microchannel plate,
phosphorescent screen, and 8-bit video camera. Sequences of
video frames were recorded in DVCPro format and frames
digitized as 640�480 pixel arrays having 256 gray levels.
Blank image subtraction improved effective channel plate
uniformity �the dark center spot in some images is caused by
an insensitive central area�. Linear contrast adjustment was
occasionally employed. Each image of Fig. 2 reports the full
screen image.

The steps on rounded surface hillocks have the appear-
ance of contour loops �see Fig. 2� at uniform height intervals
of one layer spacing. An adatom beam causes the areas of the
loops to expand. It is predicted by theory and observed in
experiments18 that the inner step expands the most, and joins
the second step. With continued beam exposure the two ex-
pand together to join the third step, etc. If the beam is con-
trolled to prevent new islands from nucleating, this process
can create a mesa of any desired height. Conversely, an ada-

a

F

a
c

F
c

FIG. 4. The free energy F of adatom islands as a function of
radius a, for a positive chemical potential �*. Broken lines depict
the free energy of the perimeter step �positive, linear� and of the
precipitated ions �negative, quadratic�. Subscripts c mark values for
maximum F, above which islands grow freely. The identical F�a�
describes the free energy of an advacancy island growing when the
chemical potential is −�*.
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tom beam can create a pan from a smooth surface
minimum.18

V. RESULTS AND DISCUSSION

This research builds on earlier work with ion beams
that established facts required in the present work. First,
from the evolution of step edge profiles during annealing
it has been possible to determine Ds=4�10−3 exp
�−1.47 eV /kBT� cm2 s−1 over a range 106 of values. The ex-
periments included all temperatures employed in the present
study.20 Second, from observation of step flow, the rates �K
of excess defect creation caused by beams of various energy
and flux density have been determined.19 Third, the latter
results confirm that the surface responds linearly to the par-
ticle flux for flux densities J including those employed here
to nucleate new islands.19 Here, these known values of �K
and Ds are used in Eq. �4� to determine �c

*�0� for any ob-
served Jc and � of ion beam. Most work was carried out with
beams of energy 65 eV, an “adatom beam,” or 515 eV, an
“advacancy beam,” as these provide almost equal but oppo-
site �K for equal J.19 In our investigation of beam-induced
nucleation, the sample was first cleaned. A suitable mesa or
pan for experimental studies was then created, using the ion
beam. Studies of nucleation began after the sample was sta-
bilized at the selected test temperature. The objective was to
determine at what flux density J, and hence from Eq. �4�, at
what value �c

*, an island first nucleates. The procedure began
at low flux. If no island appeared, the flux was increased by
a small factor, typically 10%. This process continued until
nucleation was observed. The sample was then stabilized at a
new temperature; ion beams were used to remove the new
island from the active area; the pan or mesa was
refurbished;18 and a new measurement was begun. The end
product of the data collection was a table providing the ob-
served Jc and hence �c

* for nucleation as a function of tem-
perature T.

This procedure proved satisfactory at high temperatures.
It was simplest for adatom islands nucleating on mesas and
advacancy islands on pans. In the remaining cases, for ex-
ample, adatoms on pans, nucleation could still be initiated
and observed without difficulty. However, the beam caused
steps that form the pan perimeter to flow inward, so that
irradiation over too long a period eventually reduced the ef-
fective radius R of the pan. Refurbishing the pan then re-
quired irradiation with an advacancy beam. Similar behavior
occurred in the converse case of advacancy beams on mesas.

Figure 5 shows the measured critical currents Jc, as deter-
mined by these procedures, for ion beam energies of 65 eV
�adatom beam, solid circles� and 515 eV �advacancy beam
open circles�. These results are derived from pans and mesas
of various sizes, which affects nucleation. While, for this
reason, the points are not fully systematic, the general trend
is made clearly apparent as the critical current increases rap-
idly with T above 1000 K. Given the available beam inten-
sities, the behavior could be followed up to about 1300 K, at
which temperature the flux density became insufficient to
nucleate islands on terraces of the size studied here. An im-
portant point, to which we return below, is that the values of

Jc became insensitive to temperature below about 1000 K.
We turn now to the values of chemical potential at which

nucleation was observed. In Fig. 6, the observed values of
�c

* for Pt− irradiation of Pt�111�, as derived from the ob-
served Jc in Fig. 5 using Eq. �4�, are shown as a function of
temperature T by solid circles for adatom islands, and by
open circles for advacancy islands. Over the complete tem-
perature range from 730 to 1300 K the adatom and adva-
cancy results track together quite well. This is the most im-
portant result of the research. It provides an explicit
demonstration that, at all temperatures studied here, adatom
and advacancy islands nucleate at equal but opposite values
of �*. This is the new symmetry in nucleation for thermal
defect islands, predicted earlier and described above, now
confirmed by experiment. As the symmetry is expected only
when a system has antidefects with reaction-limited life-
times, Fig. 6 further confirms that Pt�111� is reaction-limited
above 800 K.

The procedure failed when applied to samples at too high
temperature �as detailed above� or too low T. At low T, slow
kinetics increased the time required for nucleation, and fur-
thermore, slow diffusion reduced the flux required for a de-
sired �*. Islands then required greatly lengthened beam ex-
posure to reach a size detectable by LEEM. Delays of
minutes, employed in the experiments, were evidently too
short for an island to nucleate and grow to visible size. Sub-
sequent flux increases in our experimental procedure then
substantially exceeded the critical value actually needed for
nucleation. As a result the terrace was driven too strongly by
the ion beam, and islands nucleated at many locations. An
example displaying this consequence is given in Fig. 2�e�.

Lacking alternatives, more than one island on a terrace is
taken in what follows as an indication that a quantitative
determination of �c

* was not achieved.
Three features of Fig. 6 now warrant comment. First, it is
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FIG. 5. The ion beam flux density Jc required to nucleate ada-
tom islands �solid circles� and advacancy islands �open circles�,
shown as a function of temperature. For both species Jc increases
rapidly at high T and is constant at low T. The broken line indicates
these general trends. The terraces employed lie typically in the
range 2–3 �m in radius, and the differences affect the current for
nucleation �see Eq. �4��. In cases with many independent measure-
ments, their scatter is indicated by uncertainty bars.
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important that data points below about 1000 K, that scatter
about the broken straight line, were nearly all cases where
multiple �often very many� islands nucleated, as in Fig. 2�e�.
These are low temperatures cases where the kinetics are slow
and the system consequently overdriven. The values of �*

obtained are thus too large, and to an extent that becomes
more severe at lower T. While the deduced �* below 1000 K
no longer track nucleation of single events, the fact that ada-
tom and advacancy islands nevertheless follow a common
trend provides a remarkable illustration of the range over
which the nucleation properties of the two antidefects are
linked. Evidently the symmetry in nucleation behavior oc-
curs more widely than in �c alone.

For the data in Fig. 6 above about 1000 K, that corre-
spond to single nucleation events, the least square fit shows
adatom and advacancy data scattering equally about the
mean line. This affords the best indicator of �c�T� for
Pt�111�. The dotted line a factor �3 below the data shows

the predicted �PV
* of Pimpinelli and Villain22 �Eq. �3��, taking

the measured �= �260–0.04 T� meV/nm from step fluctua-
tion spectroscopy30 for this range of T. Given the uncertain-
ties of nucleation theory, the comparison appears acceptable.

A third and final matter for concern is the validity of a
linear response description of the perturbation caused by the
ion beam, as employed here in the analysis of results. Figure
6 shows that �c

*�0.3kBT, for T	1000 K, where the data
provide a valid determination of �c

*. The perturbation is thus
determined to be a small fraction of kBT. In this important
regime, linear response theory therefore remains appropriate,
and our demonstration of symmetry between nucleation of
adatom and advacancy islands is valid. Below 1000 K, the
inferred �* reaches values a factor 103 larger, which greatly
exceed the regime in which the response remains linear. We
therefore conclude that our measurements do not correctly
determine the critical value of �* for island nucleation below
1000 K.

VI. SUMMARY

Using LEEM to observe island nucleation, on pans and
mesas synthesized on the clean Pt�111� surface, we have
employed a beam of Pt− ions to determine the critical chemi-
cal potentials �* required for the nucleation of adatom and
advacancy islands. A recent theory of linear response to the
beam-induced surface perturbation is adapted to determine
the chemical potential on the irradiated terrace before nucle-
ation. The interpretation makes use of values for the surface
mass diffusion coefficient, and a calibration of defect pro-
duction caused by the ion beam, both available from earlier
research. The measurements reported here demonstrate that
linear response theory is indeed valid above 1000 K. Adva-
cancy and adatom islands are observed to nucleate at equal
but opposite values of �* that track together over the tem-
perature range above 1000 K. This newly observed symme-
try is a behavior predicted for surfaces on which the life
cycle of thermal defects is dominated by pair formation and
annihilation reactions, rather than processes at fixed sinks
such as step edges. The likelihood that the Pt�111� surface
was reaction-limited had been suggested earlier. The absolute
values of �* at which nucleation takes place are found to
agree within a factor 3 with predictions in terms of step free
energy � derived from a treatment of nucleation on
surfaces.22
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FIG. 6. Chemical potential �c
* /kBT required for island nucle-

ation, as determined from Jc for Pt− on Pt�111�, shown as a function
of T for adatom islands �solid circles� and advacancy islands �open
circles, with sign of �* reversed�. The solid line is a least squares fit
to all points above 1000 K, and the broken line below 1000 K. The
adatom and advacancy results scatter about a common trend
throughout, and so verify the symmetry in nucleation on which this
work is focused. Below 1000 K, multiple islands nucleate �see, e.g.,
Fig. 2�e��, and for this reason the points do not identify the correct
�c

* /kBT. Above 1000 K, �c
* /kBT�1 so linear response theory is

valid. For comparison with the measured values above 1000 K, the
dotted line shows �PV

* /kBT as predicted from first principles using
the step free energy by Pimpinelli and Villain �Ref. 22�.
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